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ABSTRACT 

Reamibiiunt tmncated fiMnw «t PModomotm exotoxin A Out Iwk 
tile cell blading dMBda cSPuudomiua exotoxin A w«re ampled to as 
FC*b') fragaunt of a ncmodiMd tntlbody HS21 directed agiiut the 
hamati mtffliferrla receptor. One of tbew was NIysPE40. The other, 
N1^PE3SQQR, has two amino gnmps on reridoes near the NHrter- 
miaia and has so ajBlbw groups DW the COOH-teruiBits. 
mm linlUid by ■ stable thieether bmd thM coenected Oie selfhydryl 
gnmp present In the Mi^ tegiott of the aatibody fn^ment to an amlao 
gnwp on the toxin. The F(ab'}-PE40 immimotoxto, cmtalsiiBg 
NlysPE40, exUUUid potent cytetoxk activity on hiraian cardnoma ceU 
Ibies with a concenlrathm trf iaunonotoxin at which isotope incorponi- 
tion (aUs by 50H when compared to nontmtcd cetb (ID») of 5.3 pm 
(0.5 ng/ffll) OB both the epidermoid carciaoma A431 and oa the colon 
cardnoma CobSOS. ImmimotoxiBS m*de with whole antibody were con* 
slderaUy less a«*i»e, wtth an I»» J5.9 pM (3.1 ng/m!) on tliese ceU 
lines. F(ab'>-PE:»QQR, tiie inmwHMoxhi contalnif« NlysPESBQQR. 
was fMnd to be the most acttve agent with an ID» I.OS pM (0.1 
ng/ntl) on A431 cells. The greater cytotoxicity of immuotoxias con- 
taining fragmented andbody was probaHy dnc to the higher bindhtg 
afnnlty of F(ab' ) conjogates in comparison to whi^ antibody 0Mi|B^tes 
to the transferrin reciter. The increase in ey^xlc actlTity of the 
inmnaotoxin made wtth NlysPE38QQR than that with NIysPE40 may 
reflect seleettve coopUng of the texto thioogh NHr-terminal amino 
Mxiw had dose-4epen- 

ce. A431 tnmors completely regressed In all animals 
dose of 105 pmol (10 ftg) of F(ab' >-PE38QQR and <rf 154 pmol (30 ^g) 
of IgG*PE3^2QR. FaiihermoK, the F(al»') immnaotoxin was less toxic 
to mice than the cmj^te containii^ IgG (840 pmol or 80 fig <rf total 
dose cansing measarabie adverse effects ttma 208 pawl or 40 
respectireiy). Thns, m trancated Pmdomoiua exotoxin A moteode con- 
pled to the F(ab' ) fragment of an antibody is mat active and less toxic 
in mice than an immaootoxln made with a whole antibody. Iherefctte, 
the thnriMKatic Index for the mcwovalent immimotoxhi is aboat four 
tiboies better than that for the dinl^l immnnotoxln. 



INTRODUCTION 

MAbs,* by virtue of their afiinities toward defined molecules, 
arc the subject of intense interest in the field of tai^eted therapy 
(1,2). MAbs which bind to antigens that are expressed prefer- 
entially on cancer cells or wrtain differentiated cells <1, 3) have 
been utilized either without modification or as F(ab')2 or F(ab') 
fragments (2). MAte have been linked to chemicals, enzymes, 
radioisotopes, or toxins in order to visualize tumors or cause 
cell death (1, 2). Antibodies conjugated to toxins arc termed 
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ITs, and these agents now being evaluated for their useful- 
ness in the treatment of cancer and other diseases (4). 

Our laboratory has been developing immunotoxins contain- 
ing PE or mutant forms of this toxin (5). PE is a A/, 66,000 
single-chain protein containing three disulfide bonds (6). PE is 
composed of three structural domains (I, II, III), and each of 
these domains performs at least one specific function (7, 8). 
Domain la binds to the PE receptor (8, 9); domain II is required 
for translocation (10, 1 1); and domain HI catalyzes the ADP- 
ribosylation of elongation factor 2 which arrests protein syn- 
thesis in eukaryotic cells causing cell death (8). Prior to trans- 
location, PE is cleaved after arginine 279 to produce a M, 
37,000 COOH-tcrminal fragment, which comprises all of do- 
main HI and a portion of domain II, that reaches the cytoso! 
(10). ITs containing PE, or forms of PE that lack its cell binding 
domain (PE40), have been shown to possess high cytotoxic 
activities in vitro and to display prominent antitumor effects on 
solid tumor xenografts growing in nude mice {12-14). An ad- 
ditional lysine residue has been introduced near the amino ter- 
minus of PE40 0ysPE40, Ref. ! 2; NIysPE40, Ref. 1 3) which is 
believed to facilitate the reactivity of the toxin with cross-link- 
ing reagents in the coi^ugation reaction. 

Despite the fact that the ITs containing PE or its derivatives 
are very active on cultured cells, they often bind to antigens with 
3- to 10-fold less avidity than the unconjugated MAb (13-15). 
Diminished binding may be due to chemical alteration of the 
antigen binding site or the present* of the toxin at a site which, 
by steric hindrance, diminish^ the contact between the anti- 
body and the antigen. We have previously found that lysPE^ 
or NlysPE40 may be linked to either the heavy or light chain of 
a MAb in an IT (12).' Therefore, we support the idea that the 
physical presence of the toxin conjugated to an antibody makes 
binding of an IT less efTicient than an antibody alone. 

In an attempt to make an immunotoxin with higher activity, 
we have prepared an immunotoxin with a defined structure in 
which an amino group at the amino terminal of a truncated 
form of PE is coupled to a tiiiol group in a F(ab') fragment of 
an antibody. In this immunotoxin, (a) the toxin is linked to an 
antibody at a specific location on the heavy chain; ip) the site of 
coupling between these two proteins is removed as far as pos- 
sible from the antibody combining site; and (c) the toxin is 
coupled to an antibody through residues on the toxin preceding 
the proteolytic cteav^e site in domain II at position 279 (l€) 
(Fig. I). To ensure that coupling ooairs at the amino end of the 
toxin, we also used a derivative of NlysPE40, N!ysPE38<3QR, 
in which all three lysines in domain HI have been mutated to 
other residues (16).* '' Thus, in NlysPE38QQR, the two pri- 
mary amino groups available for modification are located ex- 
clusively in domain 11 at or near the NHj-terminai and up- 
stream of the processing site (Fig. I). NlysPE38QQR also has 
a deletion of amino acids 365-380 of PE which removes a 
disulfide bond in domain lb that is not essential for activity and 
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produces a smaller molecule that may enter tumors more 
readily (17), Masaho et ai (18) and Fulton et al. (19) have 
reported the construction of an IT composed of ricin A chain 
linked by a disulfide bond to the F(ab') fragments. However, 
F(ab')-ITs had altered cytotoxic activities when compared to 
whole antibody ITs. In this paper, we report the construction 
of ITs composed of F(ab') linked to either NlysPE40 or 
NlysPE38QQR. These ITs bind better to cellular receptors and 
are several times more active than the whole MAb conjugates in 
vitro and are extremely potent antitumor agents in viva. 



MATERIALS AND METHOI^ 

Pi«|iarati(M of F(ab'} Fragments of HB2]. HB2i is a monoclonal 
antibody (IgGl) which retKts with human transferrin receptors and has 
been used in several previous studies (12, 20). F{ab') fragineou were 
generated from HB21 by using the Pierce Immunotoxis kit. Briefly, 
HB2t was dialyzed against 20 tBM sodium acetate, pH 4.2, and con- 
centrated to 2 to 4 mg/ml by using Centiicon 10 (Amicon, NY) mem- 
branes. A slurry of the immobilized pepsin was added together with an 
appropriate volume of sodium acetate buffer and antibody solution. The 
sample was incubated with «)BStant shaking at 37'C for 6 to 12 h. This 
time was sufficient to digest more than 90% of the MAb to F(ab' h and 
Fc fragments. The immobilized pepsin was pelleted with the help of a 
separator and the supernatant containing F(ab')j, fragmented Fc, and 
remnants of an undigested IgG were loaded onto a Protein A column. 
F(ab')3 fragments were recovered in the flow-through of the column. 
The fractions enriched in F(ab')j were either dialyzed against 0.1 m 
NaHiPO^, pH 6.0, using dialysis tubing with molecular weight cutoff of 
50,000, or concentrated and washed 4 times with the same Iwffer on 
Centricoa 30 membranes. 

CoqJngfttioB of IgG w the F(ab') of HB2I to NlysPE40 w Nlys- 
PE38QQR. The construction and purification of the recombinant form 
of NlysPE40 and NlysPE38QQR are described elsewhere (13, 16).* 
The F(ab')i in 0.1 m NaHiP04, pH 6.0, at 2 mg/ml was reduced to 
F(ab') fragments before conjugation. The reduction was achieved by 
treating F(ab')2 fragments with 10 mw 2-mercaptoethylamine at 37"C 
for 1.5 h. The F(ab' ) fragments were separated from the reductant on a 
Sephadex G-25 column (PDIO, Pharmacia, Piscataway, NJ) equili- 
brated with 0.1 M NaHiP04/S mM EDTA, pH 6.0. These conditions 
maintain the thiol groups in a reduced form. The recombinant PE 
molecules were reacted with SMCC (21). A 3-fold molar excess of 
SMCC was added to toxins in 0.1 m NaHjPOVl mu EDTA, pH 7.0, 
at room temperature for 1 h. SMCC was removed on a PDIO column 
equilibrated and elated with NaH:?©*, pH 7.0. The IgG was modified 
with 2-lT (22), which like SMCC reacts with the (-amino group of 
lysine residues and the a-amiao group of the NHj-terminal amino acid. 
The IgG was incubated with a 3-fold mol» excess of 2-IT in 0.1 m 
NaHjPOVl mM EDTA, pH 8.0, at 37"C for 30 min; a PDIO column 
was used to separate 2-!T from the antibody. Fractions from PDIO 
columns containing IgG or F(ab') were mixed with fractions containing 
toxins and incubated for 16 h at 2S or 4"C. The conjugates of IgG were 
purified on Mono-Q and TSK columns, as previoudy described (12), 
and conjugates of F(ab') were parified by TSK only. Comjugates were 
analyzed by »>dtum dodecyl sulfatc-poiy*»ylainide gel electrophoresis. 
The proteins were detected by staining with Coomassie blue or by 
immunoblot analysis, which was performed with the use of polyclonal 
an ti sera to PE. 

Biudii^ Studies. HB2S was labeled with "*I by using the lactoper- 
oxidase method as described (23). The IgG (6 jig) was mixed with 0.5 
mCi of the isotope Na'"I- Labeled antibody was separated from the 
unreacted isotope on a PDIO column. Human senim albumin was 
added to the fractions collected from gel filtratioi to s final concentra- 
tion of 0.2% (w/¥). Tlie binding ability of «^«I-HB21 was estimated 
according to a previously desaibed protocol (24), with a slight mcKti- 
ficafsoo. After the amount of IgG with preserved immunoreiiciivijy N«d 
been established we performed the binding assays. The binding analysis 
was carried out by using standard saturation and displacement curve 



experiments. Briefly, colon carcinoma cell line cells, Colo20S, were 
seeded at 2 x 10^ ceils/well in 24-weH tissue culture plates. Aftw 24 h, 
the plates were placed on ice and cells were washed with ice-cold phos- 
phate-buffered saline without Ca^* and Mg'* in 0.2% bovine serum 
albumin. Then, increasing concentrations of HB21 or HB21-ITs were 
added to cells for 30 min before incubation with a fixed amount of 
'^'tHB21 for 1.5 h with constant agitation. After incubation, the cells 
were washed twice, lysed with O.I n NaOH, and the content of radio- 
activity was determined. 

lutein Synthesis inhibition Assay, The cytotoxicity of IgG-PE40 
and F(ab')-PE40 as well as the conjugates containing NlysPE38QQR 
was tested on the colon caninoma cell line Coto205 and the epidermoid 
carcinoma cell line A43I. HB2l-lTs Ktivitics were measured as an 
inhibition of pH} leucine incxirporatioa into cells (8). 

Treatment of Nude Mice Bearing a Human Cancer. A431 cells (3 x 
IWmovse) were iiqected s.c. on day 0 into female nude mice. Groups 
of 4 to 6 mice started to reewtve immuootoxin i.p. on day 4 aAer tumor 
implantation and control mice received either the vehicle or the toxin 
mixed but not conju^ted with the F(ab') fragments. Tumor size was 
measured with a caliper and tumor volumes were calculated as previ- 
ously reported (12). 

I^otein concentration was determined by the BradfcHtl assay with the 
Pierce (Rockford, IL) Coomassie blue G-250-based reagent. 



RESULTS 

In the present work, we engineered a MAb-HB21 and PE 
mutants in a manner to ensure predictable coiyugation to pro- 
duce an IT. We made F(ab') fragments from HB2I and used the 
sulfliydryl group positioned >n the hinge region of the antibody 
to link the antibody with NlysPE40 or NlysPE38QQR (Pig- I). 
This sulfhydryl group occurs at the carboxyt end of the antibody 
fragment and is removed far from the combining site (2). It is 
the only place to which the toxin can attach. Coupling to 




Fig, 1. Schemaik representation of the: (A) imtounotoxia composed of MAb 
( ¥ letter sinipHfied form) sad NlysPE40 (dOTisaiB » skI III of PE symboiiasd by 
open circles); and (if) F(ab' )-PE40 constnicied by coupling of the nslMed F(8b' h 
to Nls'sPE40, Small elosed drtles reiweseoi 1 1 smino acids which ue pUced in 

fe)s( of PE*0 priBSBry struciwe (Ref. B). The hashed line i« domam U ^ImsS- 
iies the cleavage si!s in PE40 tarsiHSBe 279 ia PE; (JO)). Note that the Usiksge 
beiweea domaia !H fB N1ysPE40 (A and S) mid an antibody is possiblr, howtw. 
NlysPEJgQQR can only be coupled io sn aatihody through either iBethioniae or 
ats additbnsi lysine residue within i t-smino aeid peptide whose location precede 
she c!e»*a«i! site of the toxin {sro text), i, HgSt chain; H, heavy chain; Jk^, 
disulfide boo* -Xl_, thioether bond. 
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NlysPE40 can occur through the amino group on the NHj- 
tenninal methionine or lysine residue present in the 11 -amino 
aci^ sequence preceding domain II (Fig. 1) or at positions 590, 
606, and 613 of PE which are all located in domain III (16). 
NlysPE38QQR can be cotyugatcd to an antiixMiy only throu^ 
the NHj-terminal methionine or the lysine residue located 
in the il -amino acid peptide sequence preceding domain H 
(Fig. 1). 

Preparatktn and Analysis or iTs. HB2l was digested with 
pepsin and produced the expected F(ab')2 fragments which 
were recovered from a Protein A column with an efltciency of 
85.7 ± 1.5% (SD; /i = 3) (Table I; Fig. 2). After purification on 
the Protein A column, the F(ab')j was reduced with 2-mercap- 
tpethylamine as described in "Materials and Methods." This 
produced F(ab') molecules, which had three thiol ^ups as 
detected by using Ellman's recent. The IgG, when subjected to 
treatment with a thiolating ^ent at a 3-foId molar excess, had 
0.4 thiols/moi. NlysPE40 treated with a 3-fold molar excess 
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of SMCC had 0.9 reactive group introduced per molecule. 
The IgG and F(ftb') both were incubated with NlysPE40 or 
NlysPE38QQR overnight and purified on a size exclusion rol- 
umn. The fractions containing the 1:1 conjugates of the toxin 
with either the antibody or the F(ab'} fragment represented 
26% of the starting materia! for F(ab')-PE40 and 8% for IgG- 
PE40. Thus, the process of conjugation of the F{ab') fragment 
to the toxin is more efTicient than conjugation to IgG under 
above-described conditions {Tsible I). 

Fig. 2 shows sodium dodecyl sulfate-poiyacrylamide gel 
electrophoresis performed under both nonreducing and re- 
ducing conditions, and immunoblots of the conjugates. The 
IgG (Mr 150,000) digested with pepsin produces F(ab')2 frag- 
ments {Mr 110,000). Reduced IgG reveals two bands: a M, 
50,000 heavy chain band and a Mt 25,000 light chain band. 
Reduction of the FCab ), produced M, 30,000 and 25,000 
bands which correspond to the truncated heavy chain and 
the whole light chain, respectively. NlysPE40 appeared as a 
single entity under both nonreducing and reducing conditions 
(Fig. 2). F(ab'>-PE40 (M, 95,000 protein on a nonreducing gel) 
is the proKiuct of a noncleavable linkage between the heavy 
chain of F(ab') and NiysPE40 with the tight chain coupled to 
the heavy chain by a disulfide bond (Fig. IB). Therefore, this 
conjugate is represented by a Mt 70,000 band plus a Mr 25,000 
band of the light chain under reducing conditions. There were 
also minor bands of molecular weighs of 60,000-70,000, indi- 
cating that the light and the heavy chains may form aggregates 
during the experimental procedure, and that a very small 
amount of the uncleavable conjugate between NlysPE40 and 
the thiol groups which participate in the formation of an inter- 
chain disulfide bond can be produced. Iramanoreactivity of 
Western blot with a polyclonal antibody to PE revealed 
the bands corresponding to F(ab')-PE40 and NiysPE40. 
The same pattern of the gels was obtained with coi^ugates 
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containing NlysPE38QQR (not shown). Thus, PE derivatives 
are coupled to a specific reactive site on the F(ab') fragment of 
HB21. 

Cytotoxic Activities and Binding Afnnlties of Di- and Mono- 
valent ITs. Since monovalent and divalent ITs are of different 
molecular sizes, the results will be expressed on a molar basis. 
However, it should be kept in mind that the change tn valency 
may be important for antibody binding to an antigen. There- 
fore, the results based On a weight, which also happens to reOect 
a relative valency, will also be presented. 

The cytotoxic activities of IgG- and F(ab')-ITs were evaluated 
by using protein synthesis inhibition assay on Colo205 and 
A431 carcinoma cell tines. Fig. 3 shows the results of a typical 
assay in which the cells were incubated with various concentra- 
tions of ITs. On Colo205 cells, the F(ab')-PE40 coiuugate was 
extremely cytotoxic with a concentration at which isotope in- 
corporation falls by 50% when compared to untreated cells of 
5.3 ± 2,1 pM (0.52 ± 0.2 ng/ml; n = 12; SD). The IgG coiyugate 
was 3-fold less active (15.9 ± 5.6 pin; 3.1 ± 1.1 ng/mi; « = 5; 
P < 0.000001 in Student's t test). To determine if the monov- 
alent ITs are also more active on other cell lines, we carried out 
experiments on A431 cells and found that F(ab'>-PE40 was 
several times more active than lgG-PE40 (data not shown). We 
also found the F{ab>PE38QQR to be more cytotoxic than 
IgG-PE38QQR on A43 1 cells (Table 2). In addition, the F[ab')- 
PE38<5QR wsB the most active agent tested. Thus, NlysPE40 
and NiysPE38QQR conjugated to F(ab') are about 3 tiroes 
more active ITs than IgG-ITs toxins. 

We considered the possibility that F(ab')-PE40 and F(ab')- 
PE38QQR are more active than the divalent ITs because they 
bind more efficiently to the transferrin receptors. Therefore, we 
evaluated the binding of ITs on Colo205 cells as described in 
"Materials and Methods." The differences between the binding 
abilities of igG, IgG-PE40, and F(ab>PE40 were determined 
by an analysis of the corresponding displacement curves (Fig. 
4), The IgG alone competed with a concentration required 
to inhibit the binding of labeled HB21 by 50% of 1.5 x IO'^m 
ad F(ab')-PE40 displaced '^*I-HB21 equally well In contrast, 
IgG-PE40 had a lower affinity for transferrin receptors than the 
IgG alone and F(ab')-PE40 (Fig. AA). We repeated the experi- 
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CONCENTRATION (MxlO^*) 

Fig. 4, The sWHty of IgG (O). IgG-Nly»PE40 (•), and F(ab>PE40 P) 10 
displiHS the binding of '"1-HB21 to Co!o205 cells. '»i-HB21 had a specific 
activity of 20 niCi/m( and 40,000 cpmt of bindable labeled antibody we« added 
into the amy. Points, average of four delenninations. A and B wr — 



°- CONCENTRATION (pM) 

Fif. 3. luhibjlioij of protein synthesis in Co!o205 eeto by F(ab')-PE40 («), 
SgG-PE40 (•), and i«G-lysPE40 (A) (lysPE40 is deiscribed in Ref. i 2). Tkt dmhsd 
line shows S0% of PHJieucins incoiparation. 



ment using F(ab')-PE40 and IgG-PE40 (Fig. 4B) and found 
that the concentration required to inhibit the binding of labeled 
HB21 by 50% for F(ab')-PE40 was 3 times lower(1.3 x lO"" m) 
than that for IgG-PE40. These experiments demonstrate that 
using HB21 F(ab') fragments instead of the whole IgG for 
conjugation with NlysPE40 yields an IT with a higher affinity 
for the antigen, and its affinity is equal to that for the antibody 
alone (Table 1). 

Antitumor Effect of F{ab')-PE38QQR ia Nude Mice. To 
evaluate whether F(ab') linked to recombinant mutants of FE 
may be useful therapeutically, we performed animal studies on 
nude mice bearing A43i tumors (Fig. 5). We used three ^oups 
of animals which were given injections i.p. of: (a) 0.2% human 
serum albumin/phosphate-buffered saline, (*) !gG-PE38QQR, 
and (c) F(ab')-PE38QQR, beginning on day 4 when small tu- 
mors had formed in all mice. The conuol group had tumors 
bigger than 600 mm^ on day 12 when they had to be sacrificed 
(Fig. SA; the end point in Fig. 6). In mice treated with 25 pmol 
(5 fig) or 52 pmol (10 Mg) of IgG-PE38QQR per day, we ob- 
served a complete and sustained (45 days of observation) 
regression of A43I tumors in all the mice. Complete regres- 
sion was also achieved by using F(ab')-PE38QQR- However, 
we noted two important advantages in using the monovalent 
IT. First, by dsy 7 the ttimor regression seen with F(ab')- 
PE38QQR was significantly greater than that seen with IgG- 
PE38QQR, suggesting a faster and/or more potent antitumor 
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TIME (days) 

Fig. 5. A, Htlilunior effect of mono- «iui diviknt 
NlysPE38QQR in nude mice, A43i ceils were implantrf s.c. oo day 0 tnd treated 
i.p. on the days indicated by the armwheadi. B, a magnified <fa;A«(f lint margined 
portion of M). iAvx iweived: (fl) (he vehicle (x); (A) lgG-PE38QQR: S or 10 
^g/day, and (3) F(ab>PEJ8QQR: 5 or 10 Mg/day, 



DISCU^ION 

Our present study was initiated to explore the properties of a 
monovalent IT in which either NlysPE40 or NlysPE38QQR 
was attached to the F(ab') portion of an antibody to the trans- 
ferrin receptor through the heavy chain sulfhydryl groups con* 
tained within the hinge region. We demonstrated that these 
monovalent conjugates are more cytotoxic agents than ITs 
made flsing a whole antibody (Tables 1 and 3). Moreover, the 
monovalent ITs are extremely active antitumor agents in nude 
mice bearing solid tumors. Furthermore, independent of the 
molarity and weight or valency, F(ab')-PE38QQR has a 4 times 
better therapeutic index than IgG-PE38QQR (Table 3). An- 
other advantage of the F(ab') containing IT is its high yield and 
ease of purification (Table I). 

The two F(ab')-ITs were severalfold more cytotoxic than IgG 
ITs on different cancer cell lines. The greater cytotoxic potency 
of F(ab')-ITs was unexpected in view of the reports on ricin A 
chain coupled to F(ab') fragments. Such conjugates were dem- 
onstrated to have lower cytotoxic activities than MAb-ricin A 
conjugates due to their diminished binding to the antigen 
(18, 25, 26). There are many factors that could influence the 
cytotoxicity of ITs and we tested the binding abilities of the 
monovalent and divdent ITs and compared them with the orig- 
inal antibody. F(ab>PE40 had greater affinity for human 



action than that of the divalent IT (Fig. 5B). Second, the 
monovalent conjugate was less toxic to animals (Fig. 6) than its 
counterpart composed of an IgG, as judged by the weight of 
animals and their appearance. There was no significant differ- 
ence in body weight of animals on day 4 when the injections of 
ITs began. The mice which received 52 pmol (10 |ig) and 105 
praol (20 *tg) of the divalent and 210 pmol (20 fig) of the 
monovalent conjugate per day had the lowest body weights after 
therapy (Fig. 6*4). In addition, the mice treated with 105 praol 
(10 Mg) per day of the monovalent conjugate were heavier after 
the treatment than those treated vrith 52 pmol (10 jig) per day 
of the divalent conjugate (Fig. 6fi). This finding indicates that 
the mice had to be given iiyections of 4 times higher doses of the 
monovalent IT to match the toxicity of the divalent IT. 

Since F(ab')-PE38QQR and IgG-PE38QQR completely 
eliminated A431 tumors in nude mice at a total dose of 30 ^g. 
we used lower doses to determine the minimal amount of ITs 
necessary for tumor regression (Table 2). The treatment was 
started on day 4 after tumor implantation and carried out daily 
for 4 days. Both monovalent and divalent ITs were adminis- 
tered at doses of 2.5 and 1 .25 ;ig/day for 4 days and the animals 
were observed for 2 weeks. IgG-PE38QQR exhibited a signifi- 
cant but incomplete antitumor effect at 12.5 pmol (2.5 jtg) per 
day but not at 6.25 pmol (1.25 **g) per day. However, the 
monovalent IT caused complete regression of A431 tumors in 
all mice receiving 25 pmol (2.5 Mg) per day and in 3 of 5 mice 
treated with 12.5 pmol (J. 25 m) Per day. The ityections of 6.25 
pmol (0.625 Jig) of F(3b')-PE38QQR still had a significant 
antitumor effect (data not shown) bat they were ineffective 
when using the divalent IT (Table 2). Once again, we observed 
that the monovalent IT causes an earlier disappearance of tu- 
mors than the divalent compound. The^ results support the 
notion that the monovalent conjugate acts faster and perhaps 
mom potently than the divalent IT. 
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tninsfeirin receptors than the coiyugate with whole antibody 
(Fig. 4). It seems likely that an increase in binding contributes 
to the increased activity of the F(ab')-toxin. The main reason 
for the enhanced binding of the F(ab'Hoxin in comparison to 
IgG-toxin is that in the F(ab')-toxin, the toxin molecules are 
located at one site, while in the IgG-toxin the toxins are present 
at many sites, including some close to the antibody-combining 
site. It is plausible that because of the spatial conformation of 
the riciti A chain, this toxin stiii iaterferes with the antibody- 
binding site when coupled to the F(ab') fragments. 

In the present work we were able to determine the positions 
on NiysPE38QQR at which coopling coaid occur. This form of 
the toxin has only two amino groups available with which cross- 
linking reagent can react and both are located in the amino 
portion of the toxin. This region is removed by proteolysis 
within the cell to allow domain III to be translocated elTkiently 
into the cytosol (Refs. 10 and 16; Fig, I). 

F{ab')-PE38QQR was an extremely efficient antitumor agent 
capable of causing complete and sustained tumor regression 
with lower toxicity than that observed with administration of 
the divalent coiyugate. These data are in accordance with find- 
ings made by Fulton et al. (27) who detnonstrated that monov- 
alent ITs containing ricin A chain were significantly less non- 
specifically toxic to animals than in the divalent versions. It is 
of interest that IgG-PE38QQR caused a wmplete regression of 
A431 tumors at much lower doses than IgG-IysPE40 used in 
the previous study (154 pmol; 30 itg versus 1020 pmol; 200 Mg 
of a total dose, respectively; Ref. 12). The advantage in using 
PE derivatives without the lysine residues in domain HI 
{NlysPE40QQR and NlysPE38QQR) for production of more 
Ktivc chemical conjugates has been recently documented with 
other MAbs, such as B3 and C242 (I6).« 

Another potential advantage of F(ab') containing ITs is their 
small size. F(ab')-PE40 or F(ab'>-PE38QQR has a molecular 
mass of 95 kDa, whereas IgG-PE40 has one of 190 kDa. It has 
been shown that a F(ab')2 (110 kDa) and/or F{ab') (55 kDa) 
fragments penetrate into different tumors much better than 
whole antibodies (28, 29). The same applies to the immunotox- 
ins made up of fragmented antibodies (i 9, 27), Thus, F(ab')-ITs 
containing PE derivatives should be able to penetrate into a 
tumor with better efficiency than IgG-ITs. While our data sup- 
port that the monovalent immunotoxin has a faster antitumor 
action than its divalent counterpart, we cannot indicate with 
certainty whether the better antitumor action of the monovalent 
toxin is due to its smaller size or to its higher cytotoxic potetK^y. 
It is also important that F(ab')2/F(ab') fragments do not inter- 
act with the Fc receptors present on many cell types, thus en- 
hancing the availability and specificity of ITs (30). Finally, the 
thioether linkage used to couple F(ab') and PE has been found 
to provide a superior stability of such IT in the circulation than 
the one which would have a disulfide linkage (31), Since anti- 
bodies differ in their susceptibility to proteolytic cleavage it is 
important that F(ab') rooiecules can be now producsd and re- 
constituted by recombinant techniques (32). 

In summary, this study indicates that immunotoxins com- 
posed of the F<ab') fragment of monoclonal antibodies and 
NlysPE38QQR should be pursued as candidates for the treat- 
ment of human cancer. 
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